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SYSTEM AND METHOD FOR
SYNCHRONIZED PHASOR MEASUREMENT

BACKGROUND

The invention relates generally to the field of electrical
power transmission networks and 1n particular to a technique
for synchronized phasor measurement based on multi-param-
eter model of the fundamental frequency component of the
signal.

The application of synchronized phasor measurements of
voltages and currents from widely dispersed locations 1n an
clectrical power transmission network 1s well recognized for
monitoring, operation and control of the power system net-
work. Traditionally, power systems may be monitored
through a combination of non-synchronized measurements,
power flows and voltage magnitudes, feeding into a software
model of the network which using other parameters of the
network, calculates the balance of quantities. These quanti-
ties may however be calculated directly using synchronized
phasor measurements (that 1s, phasor measurements with ref-
erence to absolute time). The phasor measurement unit
(PMU) 1s considered to be one of the important measuring
devices 1n the future of power systems because of 1ts ability to
provide synchronized phasor measurements. There are a vari-
ety of methods and many possible hardware implementations
for providing synchronized phasor measurements.

However, the current techniques and phasor measurement
units provide synchronized phasor measurements with desir-
able accuracy only 1n the steady state condition. During tran-
sient conditions, especially during power swings or during
transient changes in power system frequency, both magnitude
and phase angle change. Thus, Fourier-like algorithms
derived from signal models that assume amplitude, frequency
and phase angle to be constant for computing synchronized
phase measurements, provide erroncous results as the
assumptions are violated during transient conditions.
Changes 1 amplitude, frequency, or phase angle generate
cross coupling errors. For example, a change 1n phase angle
creates an error 1 estimated magnitude, and a change 1n
magnitude creates an error 1n estimated phase angles. Hence,
present methods for computing synchronized phase measure-
ments have limitations for achieving high levels of accuracy
during the transient conditions.

It 1s therefore desirable to provide a signal model and a
technique for synchronized phasor measurement based on the
proposed signal model that would yield better accuracy under

realistic system conditions, particularly during transient con-
ditions.

BRIEF DESCRIPTION

Briefly, 1n accordance with one aspect of the technique, a
method 1s provided for synchronized phasor measurement.
The method provides for sampling voltage or current values,
computing a phasor and at least one time dertvative of the
phasor based on the sampled voltage or current values, and
computing a synchronized phasor value based on the phasor
and the at least one time dervative of the phasor. Systems and
computer programs that afford such functionality may be
provided by the present techmique.

In accordance with another aspect of the techmique, a
method 1s provided for synchronized phasor measurement.
The method provides for sampling voltage or current values
synchronously with respect to a GPS reference clock, com-
puting a phasor and at least one time derivative of the phasor
based on the sampled voltage or current values, and comput-
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2

ing a synchronized phasor value based on the phasor and the
at least one time derivative of the phasor without resampling
the voltage or current values. Here again, systems and com-
puter programs atfording such functionality may be provided
by the present technique.

In accordance with another aspect of the technique, a
method 1s provided for synchronized phasor measurement.
The method provides for sampling voltage or current values
synchronously at a power system frequency, computing a
phasor and at least one time derivative of the phasor based on
the sampled voltage or current values, and computing a syn-
chronized phasor value based on the phasor and the at least
one time dernivative of the phasor without resampling the
voltage or current values. Here again, systems and computer
programs aifording such functionality may be provided by
the present technique.

In accordance with another aspect of the technique, a
method 1s provided for synchronized phasor measurement.
The method provides for sampling voltage or current values
at a frequency that 1s independent of a power system fre-
quency and a reference clock frequency. The method also
provides for computing a phasor and at least one time deriva-
tive of the phasor based on the sampled voltage or current
values, and computing a synchronized phasor value based on
the phasor and the at least one time derivative of the phasor
without resampling the voltage or current values. Here again,
systems and computer programs affording such functionality
may be provided by the present technique.

In accordance with a further aspect of the present tech-
nique, a phasor measurement system 1s provided. The phasor
measurement system 1includes acquisition circuitry for
acquiring voltage or current values from a power line, sam-
pling circuitry for sampling the voltage or current values, and
processing circuitry for computing a phasor and at least one
time derivative of the phasor based on the sampled voltage or
current values and for computing a synchronized phasor
value based on the phasor and the at least one time derivative
of the phasor.

DRAWINGS

These and other features, aspects, and advantages of the
present invention will become better understood when the
following detailed description 1s read with reference to the
accompanying drawings in which like characters represent
like parts throughout the drawings, wherein:

FIG. 1 1s a block diagram of an exemplary phasor measure-
ment system 1n accordance with one aspect of the present
technique;

FIG. 2 1s a block diagram of an exemplary phasor measure-
ment unit for use 1n phasor measurement system of FIG. 1 1n
accordance with one aspect of the present technique; and

FIG. 3 1s a flowchart illustrating an exemplary process for
synchronized phasor measurement 1n accordance with one
aspect of the present technique.

DETAILED DESCRIPTION

FIG. 1 1s a block diagram of a phasor measurement system
10 implemented according to one aspect of the invention. The
phasor measurement system 10 includes one or more phasor
measurement units (PMUSs) 12 placed at different locations or
substations, for providing synchromized phasor measurement
data of voltage, current and frequency, according to aspects of
the present technique. In one embodiment, synchronized pha-
sor measurement data may be provided in real time. The
synchronized phasor measurement data or synchrophasors
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from various phasor measurement units 12 are then commu-
nicated to a phasor data concentrator (PDC) 14 or a dedicated
local server at the control center. In one embodiment, the

PMUs 12 may record synchrophasors locally and may then
upload 1t to PDC 14 1n batches. The PMU 12 uploads its time
stamped phasor data using communication medium such as
dedicated telephone line or fiber optic link or through the
wide area network (WAN). It should be noted that the phasor
measurement system 10 may be supported by communication
inirastructure of suificient speed to match the fast streaming
PMU measurements.

The PDC 14 brings together synchrophasors from many
sources including both PMUSs 12 and other PDCs 16 and
concentrates them 1nto a single measurement set. The other
PDCs 16 may be located 1in remote substations 18 in the
power system network. In addition, the PDC 14 may correlate
the data by timetag to create a system-wide measurement.
The PDC 14 may export these measurements as a data stream
as soon as they have been received and correlated. It sends the
tull set or selected subsets of the correlated data out to other
applications. One or more applications can receive this data
stream and use 1t for display, recording, and control functions.

Further, the PDCs 14 provide system management by
monitoring all the mput data for loss, errors and synchroni-
zation. It also can be used for data recording, continuous or
only during disturbances. Additionally, the primary system
monitoring function 1s done by the PDC 14 itself. It checks
every measurement packet for errors in transmission. It moni-
tors PMU time synchronization status and applies appropriate
filters to eliminate spurious alarms. Among 1its possible func-
tions are the detection of loss of transmission from PMUSs and
recording of a history log of these conditions, which can be
used to assess system performance. The synchronized phasor
measurement data may be additionally recorded 1n a memory
20 coupled to the PDCs 14 for the purpose of post-disturbance
analysis or for tracking the state of a power system network.
This may be advantageous because anomalies indicating
power system 1nstability may occur days before the instability
becomes problematical. The PDC 14 may also output the
synchronized phasor measurement data via serial or other
network link to a central control and/or monitoring station 22.

The central control and/or monitoring station 22 may use
the synchrophasors for monitoring, operation, control and/or
protection ol the power system network. For example, the
synchrophasors may be analyzed via an analysis program 24
such as a MATLAB program or other specific programs. The
synchrophasors may be further momitored via a monitor pro-
gram 26 or recorded for future reference and analysis 1 an
additional memory 28 located 1n the central control and/or
monitoring station 22.

The exemplary phasor measurement system 10, as well as
other phasor measurement systems based on synchrophasors,
employs a phasor measurement unit (PMU) 12. A block dia-
gram of such an exemplary PMU 1s provided in FIG. 2. As
illustrated, the PMU 12 includes acquisition circuitry 30 for
acquiring voltage or current values for each phase from a
multiphase power line 32. The acquisition circuitry 30 may
turther include current sensors 34 and voltage sensors 36 for
measuring current and voltage of each phase respectively. It
should be noted that, in certain embodiments, an external
acquisition system such as an IEC61850 process bus stream
of samples may be employed to acquire voltage or current
values for each phase from a multiphase power line 32. Each
measurement of a current and/or voltage i1s processed by
either a common or separate respective signal conditioner 38,
which may include an amplifier and an anti-aliasing filter, for
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example. The anti-aliasing filter (low pass filter) 1s used to
filter out from the mput wavetlorm Irequencies above the
Nyquist rate.

Further, each conditioned signal 1s sampled at constant or
changing time intervals via sampling circuitry 40. The sam-
pling circuitry includes a sampler 42 that samples the condi-
tioned signal at a sampling rate as determined by the sampling
signal that 1s referenced to a reference or sampling clock 44.
In the present technique, a wide variety of reference or sam-
pling clocks 44 may be selected for the purpose of sampling.
For example, in one embodiment the reference clock 44 1s a
GPS (global positioning system )-based clock that provides an
absolute time reference. The common synchronizing signal 1s
available from the GPS-based clock to all PMUSs. In another
embodiment, the reference clock 1s dertved from the power
system signals 1n a frequency-tracking mode of operation
such that the reference clock provides sampling signals at a
power system frequency. Finally, the system may operate
independent of a reference clock.

As will be appreciated by those skilled in the art, the
present technique may be operated 1n these several different
modes for establishing the sampling frequency. In the first
mode, the reference clock 1s a standard, accurate clock, such
as a GPS-based clock used for both the sampling that 1s not
necessarily synchronized with the power system frequency.
In this case, the present technique corrects for errors intro-
duced by off-frequency eflects when the power system fre-
quency 1s not synchronous with the GPS clock. In the second
mode, the sampling clock 1s based on the power system 1ire-
quency. In the third mode, the sampling clock may be free
running at an appropriate frequency or a suitable sampling
rate that may not be synchronized to either the power system
frequency or the GPS frequency.

The resulting analog sampled output 1s then converted to a
digital data signal by either a common or separate respective
analog-to-digital converter 48 wherein the data represents the
magnitude of the input voltage and/or current at the sampling
instant. The analog-to-digital converter 48 may be a part of
the sampling circuitry 40. The digital data signals acquired at
precise and pre-defined moments in time are then processed
via processing circuitry 50 such as an application-specific
digital controller or a microprocessor to generate synchro-
phasors according to aspects of the present technique. In one
embodiment, the synchrophasors are computed by the pro-

cessing circuitry 50 using a Discrete Fourier Transform
(DFT) 52. The DFT computation 1s referenced to the UTC

time dertved from GPS. This precise time reference facilitates
comparison of phase angles between stations. In one embodi-

ment, the processing circuitry 50 computes a phasor and at
least one time derivative of the phasor. The synchronized
phasor value 1s then computed based on the phasor and the at
least one time derivative of the phasor by compensating the
phasor with the at least one time derivative of the phasor for
cifects of transients 1n magnitude or phase angle of the pha-
sors. Further, 1t should be noted that the processing circuitry
50 may compute the synchronized phasor value without resa-
mpling the voltage or current values for each phase. Finally,
the phasor 1s combined 1nto a data frame with all other pha-
sors from the same PMU 12 along with time stamp and status
information, and the frame 1s transmitted to the PDC 14 via a
network interface 54 such as a modem. Alternatively, the
frame may be stored locally in a PMU memory 55 coupled to
the processing circuitry 50 and may then be upload to the
PDC 14 in batches via the network interface 54.
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In a present embodiment, the processing circuitry 50 as
described above computes the synchrophasors based on a
proposed signal model:

x(D)y=(A+k 4 (t-15)) cos 2T +O+kg (1-1;)) (1)

where:

t, —1s the time mark to report a synchrophasor;

A—1s a parameter of the signal model to be reported (mag-
nitude);

®—1s another parameter of the signal model to be reported
(phase angle);

F—is a parameter of the signal model estimated using a
separate procedure;

k ,—1s a parameter of the signal model (rate of change of
the magnitude); and

kg—1s another parameter of the signal model (rate of
change of the phase).

Themodel assumes constant frequency 1n the time window of
the estimator and linearly changing magnitude and phase. In
steady states the values of both k, and kg are zero. The
estimator will report values of the linearly changing magni-
tude and angle at the mark as driven by the absolute clock. It
should be noted that the absolute time may be eliminated from
the equations by using a count value, such as a relative micro-
second count with respect to the mark. Thus, equation (1) can
be expressed as:

X(T)=(A+k ;T)-cos( 2 T+O+kgT) (2)
where 1=t-t, 1s a time from the synchrophasor mark, t, ({from
the absolute time).

Further, 1t should be noted that the sampling rate (constant
or changing within the window) does not influence the syn-
chrophasors measurement 1n the present technique and any
window size may be selected for the computation of synchro-
phasors. For example, the results will be accurate 2 cycles
backward and one cycle forward with respect to the synchro-
phasor mark. Moreover, it may be advantageous to estimate
syncrophasors 1 a three-phase system from positive
sequence voltages to avoid possible errors that could result
from the operation of combining the phase vectors into the
positive sequence. Alternatively, a “positive-sequence”
Clarke component may be used instead of the positive
sequence, particularly during transient conditions.

A multi-parameter signal model solution 1s then developed
for computation of synchrophasors based on equation (1).
The foundation of the multi-parameter solution 1s least mean
square estimation theory. The parameters are selected so as to
mimmize the sum of the squares of the differences between
the actual samples and the samples predicted by the model,
with respect to the parameters. It should be noted that the
higher the number of parameters for the multi-parameter
signal model solution, the better 1s the accuracy of synchro-
phasors. The multi-parameter signal model solution may be
implemented via one or more computational techniques.

For example, 1n one embodiment, a four-parameter signal
model solution 1s developed for computation of synchropha-
sors. In one implementation of four-parameter signal model
solution, the time rate of change of the magnitude and the
phase angle of the phasor are estimated separately. Two-
parameter phasors are then computed and compensated with
estimates of time rate of change of phase angle and magni-
tude. The mathematical model for implementation of above
method 1s described 1n greater detail below. The one cycle,
two-parameter phasor 1s computed using a time window that
1s exactly centered on the defining time reference:
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(3)

Y = one-cycle, two- parameter estimator

| =

-1

, | .
Po2 S e
NH__E
=72
n+1/2
x[n]_x[rg+ N7 }

o = defining time reference

where Y is the classical phasor estimator or the conventional
estimate, x[n] represents data samples at time t[n] and N 1s the
number of samples per cycle. In one embodiment, 64 samples
may be acquired per cycle. Alternatively, a different number
of samples may be collected, with presently contemplated
embodiments envisioning 128 samples per cycle or 32
samples per cycle. It should be noted that, ideally, the weight-
ing coellicients and the samples are taken at the midpoints of
the time steps. In some cases, such as with frequency track-
ing, 1t may not be possible to align t, to the center of the time
window. In that case, the approach 1s to measure the time at
the center of the sampling window, and adjust the final answer
accordingly with a phasor rotation. The following calculation
may be used for estimating the center of the sample window
in the face of small clock measurement errors:

N, (4)

7o = estimate of the time at the center

of the sampling widow

flr] = GPS time at the n’th data sample

The rate of change parameters, for both the phase angle and
the magmitude are then separately computed by computing
the change of magnitude and phase angle from cycle to cycle.
The following parameters are employed:

. _do (5)
T dr

o _ka _dingAD

’4‘4_|ﬁ|_ d1

|A| = magnitude of A

The compensated four-parameter phasor for any reporting
time or desired time t within the window 1s then computed as:

(6)

Apgp(l) =

o, Fn) ) s

((1+(f—}0)'(ﬁ'k@+kﬁﬂ))'?—(4ﬂ_f An- 7

As will be appreciated by one skilled 1n the art, the final factor
of &% (1) i5 included to comply with the IEEE standard. It

rotates the phasor from the measured reference time to the
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reporting time tag. Without 1t, the phasor produced by equa-

tion (6) would be the value at time t, with respect to t, as a -continued

reference. It 1s the correction provided for not sampling the N

data when the reporting was desired. It should be noted that 2 ZZ:

(t—1,) 1s equal to zero for desired times corresponding exactly 5 N~

to the time of the GPS clock. :
Alternatively, 1n another implementation of four-param-

cter signal model solution, four-parameter phasors may be

computed directly, using weighted sums of the samples 1n the

window. The mathematical model for implementation of 10

i)

above method 1s described 1n greater detail as follows. The 5 7! (n+1/2) o

] i ] 7 - _ x[n] - e Jin+1/2) %
following weighted sums of the samples and times are com- Y, I,
puted: =Y

15
N_,| (7)
1 2

?D = E f[ﬂ]

- From the values produced by equations (7), estimates the true
phasor and rate of change of phasor at the reference time are
determined, using the following equation:

1 ' (8)
1 e 0 0
2N sm(—]
N
1 (1 i | 1 A 0 ; Areal | |
o\ H(QJT] E( _ﬁ]_ 2N2 . I 2 Aimag Yremf
S1Y — S
N \ (SIH(N ]] / f B Zimag
Aima - ima
0 0 1 : > : Fimas
QNSIH(—] Area.{ i Zrm.‘,' |
Y f
0 . 1 (1 1 1 1 3
5 [ml-w) 2
o) [ efef )
\ /

For N=64, the inverse of equation (8) becomes:

- Ayeat | (9)
Amag | [ 1.100884845 —1.265720835 0 0 N Yoeat
f —1.265720835 15.87997909 0 0 Zimag
Aimag | 0 0 1.071878885  —0.9018064278 || Yimae
A |l 0 0 ~0.9018064278 1131423836 || 7 .
f
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The four-parameter phasor estimate for any reporting time
within the window 1s then computed as:

{ {

A% (10) 5

_ _ i A | )
Aipee() = [A+(t—T10)- f - 7 .l =0
\ N7/
A= Area.! + jj‘qimag
ﬁ A Aima
oo real +j g 0
A | f

[ = reporting time

It should be noted that, 1n either implementation, there 1s 15
provision for adjusting the phasor estimate for the time dii-
terence between when the phasor 1s computed and the report-
ing time tag. It should also be noted that both implementa-
tions have been worked out for a one-cycle window. As will
be appreciated by one skilled in the art other window sizes are g
possible with slight variation 1n the implementation details.

For example, in one embodiment, a two-cycle, four-param-
eter signal model solution may be implemented for comput-
ing synchrophasors. The method includes computing two-
parameter phasors, and then compensating with an estimate 25
ol “A dot” or a first time denivative of the phasor where A 1s the
compensated four-parameter phasor. The mathematical
model for implementation of above method 1s described in
greater detail below. The one-cycle, two-parameter phasor 1s
computed using equation (3) and (4) as described above. 30
Then, the “Y” values are computed for every cycle:

Y.~Y computed for the M’th cycle. (11)
From pairs of “Y” values, an estimate of “A dot” 1s computed: 15
Ay (12)
— =Yy Yy
/
40
Finally, an estimate of A 1s computed from derived values of
GGY!F? and GGA dotﬂ'ﬂ':
45
S L0 T AT (13)
M=4pm —f ' Y
2N sm(—]
N
Y, — Yy conjugate
50

As will be appreciated by those skilled in the art, the
two-cycle, four-parameter signal model solution vyields
higher accuracy and more simplified implementation to com-
pute synchrophasors. In some applications, it may be desired °°
to compute one-cycle phasors every 12-cycle to improve tran-
sient response. The implementation 1s very similar to the one
described above. In such cases, 1t may be advantageous to
accommodate two elfects. Firstly, phasors computed accord-
ing to equation (3) and according to the proposed IEEE stan- 69
dard, are rotating phasors, and therefore change sign every
nominal Y2-cycle. Secondly, to compute time derivatives
from Y2-cycle spacing, a factor of two 1s needed. Equations
(11), (12) and (13) are therefore modified accordingly. One-

cycle “Y” values are computed for every 2 cycle: 65

Y ~one cycle Y computed for the M’th half cycle. (14)

10

From pairs of “Y” values, estimates of “A dot” are computed:

(15)

AV oy e T,
7 (Ypr +Yp-1)

Finally, an estimate of A 1s computed from derived values of
GGYEE and GGA dotﬂ'?:

Yy +Yyu ) (16)

Y = Yu conjugate

In another embodiment, a two-cycle, six-parameter signal
model solution may be implemented for computing even
more accurate synchrophasors. The method includes comput-
ing two-parameter phasors, and then compensating with esti-
mates of the first and the second time derivatives of the
phasor. The implementation algorithm 1s described 1n greater
detail below. The one-cycle, two-parameter phasor 1s com-
puted using equation (3) and (4) as described above. Then, the
“Y”” values are computed for every nominal cycle:

Y,~Y computed for the M’th cycle. (17)

In other words, a series of ““Y” values are computed using the
classical algorithm, at any sampling rate that may be imple-
mented. For each “Y™ value that 1s adjusted to fit a six-
parameter model, the first and second time derivatives are
estimated from three Y™ values:

— 3 (18)

LIS SR SRS

f — M M—1 3 M -2

- ) (19)
?:YM—QYM_I-I-YM_Q

It should be noted that the dertvates may be computed for each
cycle. If frequency tracking is employed, f 1s the actual sam-
pling frequency. Finally, an adjusted estimate of A 1s com-

puted from derived values o1 ““Y ™ and the first and second time
derivatives of “A™:

3_. 1_,

. (20)
’ E}/M_ZYM—I-I-zYM—Q

N_ _ _
(Y —=2Y i1 +Yri_n)—
oA (¥ M—1 M=2)
)
cos| —
N

RS

E 3

Yy = Yu conjugate
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Synchrophasors are then computed as:

r (A) (-t £
A+F—19) [ ? + 5 :

\ \J

Aggg(D) =

(o
A
f

\

As described above, one-cycle phasors may be computed

every Y2-cycle to improve transient response. Equations (17),
(18), (19) and (20) are therefore modified accordingly. One-
cycle “Y” values are computed for every 2 cycle:

Y ,/~one cycle Y computed for the M’th half cycle. (22)

For each “Y” value that 1s adjusted to {it a six-parameter
model, estimates of the first and second time derivatives are

computed from three “Y” values:

"y (23)
Awn _ _ _
—— =3Yyy +4Yy_ +Yyn

f

- (24)
A _ _ _
7 :4YM +8YM_1 +4YM—2

Finally, an adjusted estimate of A 1s computed from derived
values of ““Y’”” and the first and second time derivatives of “A’’:

CBY +4AY Yy (23)

ZNsin(—]
N

1
| — —

24N - (4?;@ + SYM—I + 4?;'14’—2) —
%)

cOs| —

N

(ol 2]

Y = Yy conjugate

As will be appreciated by those skilled in the art, the
synchrophasors may be calculated for 2 cycle, one cycle, two
cycles, or any other fraction of a cycle or any other multiple of
a cycle. It should also be noted that depending upon the
desired accuracy, multi-parameter signal model solutions
may be derived for higher number of parameters. For
example, 1n alternative embodiments, eight-parameter, ten-
parameter or twelve-parameter signal model solutions may
be implemented. As the number of parameters increases,
higher order time dertvatives will generally be estimated.
Further, 1t should be noted that the techniques described
above may employ frequency tracking at fixed sampling
rates, aiding 1n the measurement of magnitude shift. Alterna-
tively, the techniques described above may sample the data at
any sampling rate for measurement of frequency, magnitude
and phase angle for each phase. As will be appreciated by
those skilled 1n the art, the control equations (1) to (25) can be
casily realized using standard digital logic and implemented
in a general purpose or custom digital controller or micropro-
cessor. It can also be implemented 1n a microcontroller or a
DSP.

A control scheme 56 for computation of synchrophasors 1s
represented via the flowchart as shown in FIG. 3. The control
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scheme 56 1ncludes the steps of acquiring phase current and/
or voltage signals at step 58, conditioning phase signal at step
60, sampling acquired phase signals at step 62 and converting
the sampled phase signal to digital phase signals at step 64.
The control scheme 56 continues by computing phasors and
at least one time derivative of the phasor based on sampled
digital phase signals as described 1n various embodiments
discussed above at step 68. The synchronized phasor 1s then
computed based on the phasor and the at least one time
derivative of the phasor as described above at step 70.

The measurement of synchrophasors via the various tech-
niques described above may find application 1n a wide range
of applications. For example, the techniques may facilitate
providing wide area control of the power system network.
The techniques as described 1n various embodiments men-
tioned above takes into account both the rate of change of
phase angle and/or magnitude of the phasor value being mea-
sured 1n addition to the usual value itself. This eliminates
phase and magnitude errors that may otherwise arise, and
therefore provides accurate phasor information during fre-
quency and/or power disturbances 1n power systems that lead
to transient variations in phase angle and/or magnitude. Pha-
sor measurement can be used for event analysis and data
gathering applications, and also for monitoring, operation,
and control of power system network. They have advantages
over traditional methods 1n high-speed and wide-area mea-
surements. These advantages may be useful 1in both real-time
systems and post-event analysis.

By way of further example, synchrophasors computed by
the techniques described 1n various embodiments discussed
above may be used for a wide variety of power system appli-
cations such as synchrocheck and fast bus transfer. Synchro-
check (check of synchronism) 1s a feature that verifies in real
time 11 two points 1n a three-phase power system are in rela-
tive synchronism. The feature 1s used to supervise automatic
or manual closing of a circuit breaker (e.g., the breaker 1s
allowed to close only 11 the two points in the power system
about to be linked by closing the breaker operate synchro-
nously). Synchronism means that the magnitudes and fre-
quencies of the two points are almost i1dentical while the
angles are relatively close. The three dimensions of the syn-
chrocheck, magnitude, angle and frequency, are typically
measured from single-phase voltages taken from both sides of
the breaker. In some applications, a relatively large frequency
difference 1s allowed. This means that the two voltage vectors
rotate at relatively different speeds. At times the two vectors
are perfectly in phase, and at times they are out of phase. Still,
the synchrocheck function i1s expected to release the breaker
for closing. This should be done, however, at a moment 1n
time that would yield an actual closing of the breaker when
the two voltages are 1n phase. Because of a finite breaker
closing time (few tens of milliseconds) the close command
must be given ahead of time by the synchrocheck function.

The synchrocheck function may impose the following
requirements on the phasor estimators: the magnitudes and
angles are measured with reasonable accuracy despite the fact
that the two signals are of different frequencies or the fre-
quency may be changing; and the magnitude and angle dii-
ference between the two signals 1s predicted to compensate
for the breaker closing time (close command 1n advance). The
phasor measurement method as described in the various
embodiments mentioned above addresses the above require-
ments efficiently. Firstly, the method 1s immune to oif-nomi-
nal frequencies. This means that the two signals may be of
different frequencies as compared with the device tracking
frequency, and both the signals are measured with zero error
due to the off-nominal frequencies. The tracking frequency
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becomes secondary. That 1s, the device may track to one of the
two signals, and the other will still be measured accurately; or
may not track at all, and both signals will be measured accu-
rately as long as the signal frequency 1s reasonably close to
nominal, which 1s typically the case. Secondly, being immune
to olf-nominal frequencies, the algorithm does not respond to
changes 1n the frequency, and remains accurate even 1f the
signal frequency changes while the tracking frequency con-
troller does not follow the signal frequency closely. Thirdly,
the algorithm allows calculating the phasor at one point in
time, while the data window 1s taken at a different point in
time. This allows very straightforward prediction of both the
magnitude and angle. Due to higher order extrapolation, the
accuracy of prediction 1s good for time spans of few tens of
milliseconds even if both the magnitude and angle change
relatively fast. In normal system conditions, various points in
the system stay in synch and the application of the synchro-
check 1s rather secondary. During system disturbances such
as those leading to major system blackouts, the operating
conditions for the synchrocheck feature become more diifi-
cult while the response becomes more important. The tech-
niques described above provide accurate measurement dur-
ing such transient conditions and 1s therefore very efficient for
synchrocheck application.

A yet another application where the techniques described
above may be employed 1s fast bus transier. A Bus Transfer
Scheme 1s a control device that automatically re-connects
spinning motors from their primary source of supply (main
bus) to an alternate supply (alternate bus) should the primary
source fail for any reason. This 1s done to ensure uninter-
rupted service of critical motor loads such as 1n power or
chemical plants. The operation of transferring 1s accoms-
plished by the following sequence of operations: detecting,
loss of the main supply, opening the associate breaker (main),
checking synchronism between the slowing down motors and
the alternative source of supply, and closing, at an appropnate
point 1n time, the other breaker (tie) 1n order to re-connect the
motors to the secondary source.

In order to avoid motor damage, or stalling, the re-connec-
tion must be done at well-tuned moments in time and only
alter satisiying certain conditions. This yields three types of
transier schemes:

1. Fast transfer scheme reconnects the motors 11 the motor
voltage 1s relatively close to the level of the alternate
source (some 90%) and the angle difference 1s relatively
small (some 30 deg). Under these conditions the stress
on the motor 1s low enough to guarantee a smooth ride
through.

2. In-phase transier takes place 11 the fast transfer oppor-
tunity 1s missed. This mode requires angles to be well
aligned (some 10%) even 1f the magnitudes are quite
different. This transfer results i1n larger stress on the
motors, but at least the produced torque 1s aligned with
positions of the rotors and a relatively smooth re-start
takes place.

3. Residual voltage transfer takes place 1f the in-phase
transier opportunity 1s missed. This mode requires the
motor voltage to decay below some 33% to allow the
transier regardless of the angle difference. This 1s almost
equivalent to starting completely stopped motors, and
one must make sure by off-line calculations that the
alternate bus 1s capable of picking up all the connected
motors at the same time.

Similarly to a straight synchrocheck function, the relative
difference in magnitudes and angles between the alternate
source and motor voltages are checked. In case of fast and
in-phase transiers, the breaker advance time must be applied,
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1.¢. the closing pulse for the breaker must be given ahead
compared with the time the condition 1s becoming satisfied.
This application 1s more demanding than a simple synchro-
check for the following reasons: magnitude of the motor
voltage decays relatively fast, frequency of the motor voltage
changes constantly as the motors slow down; and the relative
difference in frequencies between the motor and source volt-
ages 1s larger. Again, being isensitive to frequency shift and
frequency changes, and capable of predicting both magnitude
and angle, the new algorithm suits very naturally this appli-
cation. Traditional approaches call for separate predictors for
magnitude and angle that are superimposed on a classical
Fourier-like straightiforward phasor estimator.
While only certain features of the invention have been
illustrated and described herein, many meodifications and
changes will occur to those skilled 1n the art. It 1s, theretfore, to
be understood that the appended claims are intended to cover
all such modifications and changes as fall within the true spirit
ol the invention.
The invention claimed 1s:
1. A method for synchronized phasor measurement 1n a
multiphase power system, the method comprising:
sampling voltage or current values;
computing a phasor and at least one time dermvative of the
phasor based on the sampled voltage or current values;

computing a synchronized phasor value based on the pha-
sor and the at least one time derivative of the phasor,
wherein computing the synchronized phasor value com-
prises compensating the phasor with the at least one time
derivative of the phasor for effects of transients 1n mag-
nitude or phase angle of the phasors; and

controlling or monitoring an electrical device based upon

the synchronized phasor value.

2. The method of claim 1, wherein sampling comprises
sampling voltage or current values synchronously with
respect to a global positioning system reference clock.

3. The method of claim 1, wherein sampling comprises
sampling voltage or current values synchronously at a power
system frequency.

4. The method of claim 1, wherein sampling comprises
sampling voltage or current values at a frequency that 1s
independent of a power system frequency and a reference
clock frequency.

5. The method of claim 1, wherein computing the phasor
comprises computing the phasor for an integer multiple of
half a power system cycle.

6. The method of claim 1, wherein the at least one time
derivative of the phasor comprises a first order time deriva-
tive, or a second order time dertvative of the phasor.

7. The method of claim 1, turther comprising computing,
the synchronized phasor value based on difference between a
sample time and a desired time.

8. The method of claim 7, wherein the desired time 1s a
reference clock time.

9. The method of claim 7, wherein the desired time 1s after
an actual sampling time or in between two actual sampling
times to provide the synchronized phasor value.

10. The method of claim 1, wherein computing the syn-
chronized phasor value comprises computing the synchro-
nized phasor value without resampling the voltage or current
values.

11. A method for synchronized phasor measurement 1n a
multiphase power system, the method comprising:

sampling voltage or current values synchronously with

respect to a global positioning system reference clock;
computing a phasor and at least one time dermvative of the
phasor based on the sampled voltage or current values;
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computing a synchronized phasor value based on the pha-
sor and the at least one time derivative of the phasor
without resampling the voltage or current values,
wherein computing the synchronized phasor value com-
prises compensating the phasor with the at least one time
derivative of the phasor for efiects of transients 1n mag-
nitude or phase angle of the phasors; and

controlling or momitoring an electrical device based upon
the synchronized phasor value.

12. A method for synchronized phasor measurement 1n a

multiphase power system, the method comprising;

sampling voltage or current values synchronously at a
power system frequency;

computing a phasor and at least one time derivative of the
phasor based on the sampled voltage or current values;

computing a synchronized phasor value based on the pha-
sor and the at least one time dertvative of the phasor
without resampling the voltage or current values,
wherein computing the synchronized phasor value com-
prises compensating the phasor with the atleast one time
derivative of the phasor for efiects of transients 1n mag-
nitude or phase angle of the phasors; and

controlling or momitoring an electrical device based upon
the synchronized phasor value.

13. A method for synchronized phasor measurement 1n a

multiphase power system, the method comprising;

sampling voltage or current values at a frequency that 1s
independent of a power system frequency and a refer-
ence clock frequency;

computing a phasor and at least one time derivative of the
phasor based on the sampled voltage or current values;

computing a synchronized phasor value based on the pha-
sor and the at least one time dertvative of the phasor
without resampling the voltage or current values,
wherein computing the synchronized phasor value com-
prises compensating the phasor with the at least one time
derivative of the phasor for effects of transients 1n mag-
nitude or phase angle of the phasors; and

controlling or monitoring an electrical device based upon
the synchronized phasor value.

14. A phasor measurement system, comprising:

acquisition circuitry for acquiring voltage or current values
from a power line;

sampling circuitry for sampling the voltage or current val-
ues; and

processing circuitry for computing a phasor and at least
one time derivative of the phasor based on the sampled
voltage or current values and for computing a synchro-
nized phasor value based on the phasor and the at least
one time derivative ol the phasor, wherein computing the
synchronized phasor value comprises compensating the

5

10

15

20

25

30

35

40

45

50

16

phasor with the at least one time derivative of the phasor
for effects of transients 1n magnitude or phase angle of
the phasors.

15. The phasor measurement system of claim 14, further
comprising a network iterface 1n communication with other
phasor measurement systems or a central control station.

16. The phasor measurement system of claim 14, wherein
the sampling circuitry samples the voltage or current values
synchronously with respect to a global positioning system
reference clock.

17. The phasor measurement system of claim 14, wherein
the sampling circuitry samples the voltage or current values
synchronously at a power system frequency.

18. The phasor measurement system of claim 14, wherein
the sampling circuitry samples the voltage or current values at
a Irequency that 1s independent of a power system frequency
and a reference clock frequency.

19. The phasor measurement system of claim 14, wherein
the processing circuitry compute the synchronized phasor
value without resampling the voltage or current values.

20. A computer readable media, comprising:

code adapted to sample voltage or current values;

code adapted to compute a phasor and at least one time

derivative of the phasor based on the sampled voltage or
current values:

code adapted to compute a synchronized phasor value

based on the phasor and the at least one time derivative
of the phasor, wherein the code adapted to compute the
synchronized phasor value comprises code adapted to
compensate the phasor with the at least one time deriva-
tive ol the phasor for effects of transients 1n magnitude or
phase angle of the phasors; and

code adapted to control or monitor an electrical device

based upon the synchronized phasor value.
21. A method for synchronized phasor measurement in a
multiphase power system, the method comprising:
sampling voltage or current values;
computing a phasor and at least one time dermvative of the
phasor based on the sampled voltage or current values;

computing a synchronized phasor value based on the pha-
sor, the at least one time derivative of the phasor, and a
difference between a sample time and a desired time;
and

controlling or monitoring an electrical device based upon

the synchronized phasor value.

22. The method of claim 21, wherein the desired time 1s a
reference clock time.

23. The method of claim 21, wherein the desired time 1s
alter an actual sampling time or 1n between two actual sam-
pling times to provide the synchronized phasor value.
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